Linkage disequilibrium (LD) structure is still unpredictable because the interplay of regional recombination rate and demographic history is poorly understood. We have compared the distribution of LD across two genomic regions differing in crossing-over activity -Xq13 (0.166 cM/Mb) and Xp22 (1.3 cM/Mb) -in 15 Eurasian populations. Demographic events predicted to increase the LD level -genetic drift, bottleneck and admixture -had a very strong impact on extent and patterns of regional LD across Xq13 compared to Xp22. The haplotype distribution of the DXS1225 -DXS8082 microsatellites from Xq13 exhibiting strong association in all populations was remarkably influenced by population history. European populations shared one common haplotype with a frequency of 25-40%. The Volga-Ural populations studied, living at the geographic borderline of Europe, showed elevated LD as well as harboring a significant fraction of haplotypes originating from East Asia, thus reflecting their past migrations and admixture. In the young Kuusamo isolate from Finland, a bottleneck has led to allelic associations between loci and shifted the haplotype distribution, but has much less affected single microsatellite allele frequencies compared to the main Finnish population. The data show that the footprint of a demographic event is longer preserved in haplotype distribution within a region of low crossing-over rate, than in the information content of a single marker, or between actively recombining markers. As the knowledge of LD patterns is often chosen to assist association mapping of common disease, our conclusions emphasize the importance of understanding the history, structure and variation of a study population. are needed to understand how population history in combination with regional crossover activity acts on local LD patterns. The X chromosome is a useful marker for population genetic studies owing to its intrinsic properties: accessible haplotypes in males, lower recombination rate, lower mutation rate and faster genetic drift due to smaller effective population size.
Introduction
More than 10 years ago linkage disequilibrium (LD), or allelic association mapping, was pioneered as a tool for fine-scale localization of genes responsible for rare monogenetic diseases, 1, 2 but has now come center-stage as the method of choice for finding the genes behind common diseases. 3, 4 Both simulated as well as empirical data have
shown that population history, in terms of bottlenecks, genetic drift in small populations, and admixture, has an impact on population background LD level. 5 The data gathered from across different genomic regions also suggest the unique locus history of every genomic segment is influenced by local mutation, recombination rates and selection shaping the regional LD patterns. 5, 6 Against the background of the recently initiated International HapMap project to create a genome-wide map of LD patterns in the human genome, there is still much debate as to whether this map would be applicable to association mapping in a population of interest or to the provision of detailed fine-scale structure for regions of interest. 7, 8 More empirical data on worldwide populations are needed to understand how population history in combination with regional crossover activity acts on local LD patterns. The X chromosome is a useful marker for population genetic studies owing to its intrinsic properties: accessible haplotypes in males, lower recombination rate, lower mutation rate and faster genetic drift due to smaller effective population size. 9 As a result, we can expect LD to be greater on the X chromosome, and population structure more pronounced, compared to autosomes. In order to study the interplay between population history and recombination rate shaping the local LD patterns, we have chosen two X-chromosomal regions with contrasting crossing-over activity. Xq13 can be defined as an LD desert (0.166 cM/Mb), whereas Xp22 represents a recombination rate close to the average in human genome (1.3 cM/Mb).
We have compared allelic associations for an extensive data set of 14 Eurasian populations and a further isolated subpopulation (including nine novel and six previously published populations). The populations have been chosen to represent different demographic scenarios predicted to generate LD: (i) the Saami and the Evenki: small constant populations, whose genepool has been influenced by genetic drift; 10, 11 (ii) Kuusamo: a young, 300-years-old regional subpopulation of Finland, which has experienced multiple bottlenecks and is geographical isolated; 12, 13 (iii)
Volga-Ural populations of Mari, Udmurt, Chuvash and Komi: complex population history and ethnic structure due to geographic location on the borders of Europe and Asia. 14 All the populations of the Volga-Ural region are distributed in smaller subgroups, often speaking distinct dialects, and having a wide geographic range even today. Based on mtDNA analysis the major part of the genepool of these populations is European. 14, 15 
Materials and methods

Population samples
The sample sets of North-European DNA representing Finnish (n ¼ 80), Swedish (n ¼ 41), Estonian (n ¼ 45), the Saami, and the Evenki (n ¼ 71) populations are reported elsewhere. 10, 11 The collection of the Volga-Ural population 
where p i is the estimated frequency of the ith allele at the locus. For each microsatellite locus in studied samples, the population mutation parameter y ¼ 4Nm (N is the effective population size; and m the mutation rate) was estimated by maximum likelihood 19 using MISAT software (http://www.bscb.cornell.edu/Homepages/Rasmus_Nielsen/files.html).
Using GOLD software, 20 we calculated multiallelic extension of the normalized association measure D 0 as
where p and q are observed allele frequencies at the two loci. As D 0 is sensitive to rare allele frequencies, alleles with frequencies o10% were pooled. First, to address the level of background LD between unlinked markers, 'baseline' distribution of D 0 values in each population sample was calculated for 48 possible pairs of unlinked microsatellites from Xq13 and Xp22. Second, we asked the question whether LD across studied regions is significantly different from the background LD between unlinked markers for each studied sample set. an approach to achieve equal number of representative individuals from each studied population.
Significance of the allelic association between all possible locus pairs was also estimated by the tail probability (Pvalue) of Fisher's exact test, computed by the Genepop 3.0 software. 23 For each pair of loci, r Â c contingency table of gametes was formed and 1000 tables with the same marginal totals were generated based on a Markov chain algorithm. The procedure was repeated 500 times. The Pvalue is the mean fraction of such tables, which were equally or less likely than the observed table.
In order to compare the extent of overall LD across the studied regions, a multilocus LD statistic r d was computed for 10 Mb regions of Xp22 (all markers) and Xq13 (from DXS8037 to DXS986) using Multilocus 1.2 software (PaulMichael Agapow and Austin Burt, http://www.bio.ic.ac.uk/ evolve/software/multilocus). In essence, one is asking whether two individuals being the same at one locus makes them more likely to be the same at another. R d is an extended statistic from traditional multilocus LD index of association, I A , 24 correcting for the number of loci used in the analysis and thus making the comparison between different genomic regions possible. I A is based on comparing the variance of calculated pairwise differences between the haplotypes in the sample to the expected variance under the assumption of linkage equilibrium between the loci:
To remove the dependency on number of loci, modified statistic r d is used, where var (j, k) are the variance of single loci j and k, respectively:
Exact test for locus differentiation between all pairs of populations was computed by Genepop 3.0 software. 22 The threshold of significant differentiation was determined o0.01, more stringent that traditional o0.05 due to relatively small sample size. Analysis of population structure and assignment of individuals into inferred population clusters was carried out using STRUCTURE version 2.0 software 25 (http:// pritch.bsd.uchicago.edu). We analyzed three alternative data sets: The data set A (n samples ¼ 1241) consisted of seven Xq13 loci (DXS1066 excluded) for 21 population across from Europe (10), Volga Ural (4) and East-Asia (7). The reference populations of Asian origin included Evenki and Buriats as well as published genotypes from Japanese and four Mongolian populations. 17 The data set B (n samples ¼ 889) included eight Xq13 and six Xp22 microsatellites for 10 European, four Volga-Ural and two Siberian populations. The data set C used the same samples as B, but for analyzing only six markers of Xp22. Structure analysis was conducted under linkage model, 26 an extension to the original method for inteferring population structure from multilocus data, 25 but allowing for linkage between loci.
Analysis was conducted with the following parameters: no prior population information, 30 000 burn-in period and 1 000 000 run length. Multiple runs of each data set guaranteed the robustness of the analysis. The number of population clusters was estimated as the value of K that maximized estimated model log-likelihood, log(P(X|K). Background LD between unlinked markers varies among population samples The 'baseline' LD for each population sample was estimated by computing the D 
Results
Locus diversities of Xq13 and Xp22 microsatellites
and/or distinct LD patterns on X-chromosome due to smaller effective population size as well as two times reduced recombination events compared to autosomes. This indicates the importance of estimating the baseline LD for each population sample and marker set used in any particular study aiming to study LD patterns.
Different patterns of LD across Xp22 and Xq13
Allelic association between microsatellite loci across Xp22 and Xq13 in each population was studied by three statistics: (a) multiallelic extension of Lewontin's metric Table 2 ). In the case of the Udmurt, apparently a recent mutation in DXS987 is responsible for creating LD as this marker was involved in three of four associations across Xp22. Consistently, the multilocus LD parameter r d values (o0.05, except the Saami) across 10 Mb Xp22 region refer minimal association of markers (Figure 2) .
In contrast to the LD-poor Xp22 region, Xq13 shows a more diverse picture of the regional LD structure among populations both for overall association parameter r d (Figure 2 ) as well as for pairwise LD patterns (Figure 3) . For all studied populations, Xq13 exhibited stronger LD compared to Xp22 ( Figure 2 , Table 2 (Figure 3 ) correlated largely with the calculations for the significance of the association by Fisher's exact test (data not shown). Current extended data of the LD structure across Xq13 reveals that additionally to previously described isolates with distinct demographic , where the increase in LD levels on X chromosome reflects a recent founder effect. As the current census sizes of these populations (500 000 to 1.8 million) exclude an extreme and recent bottleneck similar to Kuusamo, alternative scenarios could be considered responsible for increased LD.
European and East Asian populations form two clusters by STRUCTURE analysis: Volga-Ural populations fall to both clusters In order to weigh the two alternative demographic scenarios -inner structuring into subgroups or admixture with Asian migrants -responsible for the elevated level of LD in Volga-Ural populations, the genetic structure of the study sample was analyzed by linkage-model based clustering method without prior assignment of individuals into populations. 25, 26 Multiple runs for data sets A (n samples ¼ 1241, n pop ¼ 21, n loci ¼ 7) and B (n samples ¼ 889, n pop ¼ 16, n loci ¼ 14) supported the estimate for K ¼ 2, indicating two major population clusters among studied samples (Table 3) . Data set C (n samples ¼ 889, n pop ¼ 16, n loci ¼ 6) did not resolve the population structure apparently due to low number of markers combined with the unbalanced sampling from East Asia (two populations) Figure 2 Comparative multilocus LD values (r d ) for the analyzed (1) a 10 kb subregion (five markers, DXS8037 to DXS986) from Xq13 (black columns); (2) 10 kb region (six markers) from Xp22 (white columns) in each studied population, calculated from the distribution of allelic mismatches between pairs of individuals over all loci. LD estimation is based on the variance of the number of pairwise differences among samples that have been subjected to genetic analysis at the multiple loci. Maximum value of r d ¼ 1 referring to absolute linkage disequilibrium across the whole region. Haplotypes of nonrecombining loci DXS1225-DXS8082 support the hypothesis for admixture LD in Volga-Ural populations At Xq13, the closest marker pair (162 kb apart) DXS1225 -DXS8082 exhibited strong LD (Po0.000001) in all populations, irrespective of population structure or history, studied by us as well as other authors. 17, 27 Thus, as we can assume that recombination events between DXS1225 and DXS8082 are extremely rare, new variants are mostly created by mutation in one of the two loci. Table 4 summarizes the frequencies of 13 common haplotypes, present in one or more populations with frequencies exceeding 10%. Total number of DXS1225 -DXS8082 haplotypes detected for a population sample ranged 10 -27. Number of common haplotypes (410% frequency) in each studied population ranged from 1 to 5, the haplotype diversities ranged from 0.19 in Japanese and the Saami to 0.44 in a Mongolian tribe of Uriankhai. At first glance, there is a clear difference between European and Asian haplotype distributions. In European populations, except the Saami, across the vast area from West-Europe to the Urals one major haplotype (210 -219) predominates (17 -40%). Furthermore, in several populations this haplotype extends to neighboring DXS986 across 1.215 Mb. In East Asia, this haplotype is present at low frequency (r10%). On the contrary, the common haplotype detected in Asia (202 -217) ranging from 16% in Uriankhai to 34% in Japanese, is almost absent in Europe. However, the exception here is the Volga-Ural region, where this East Asian haplotype is quite common among Udmurts (15%), Chuvash (10%) and Komi (11%). Overall, the distribution of common haplotypes of DXS1225 -DXS8082 in Volga-Ural region is more complex compared to the vast area of the rest of Europe. Consistent with the STRUCTURE results it suggests admixture of mainly European gene pool with East Asians combined with influence of genetic drift. Notably, the allelic distributions of single microsatellites or haplotypes of weakly associated markers are mostly shared between the Volga-Ural and European populations, and have not preserved a footprint of East Asian migration (data not shown).
Comparing DXS1225 -DXS8082 haplotype distribution in Finns and the Kuusamo isolate provides vivid evidence 28 which demonstrated that following the LD-generating event, the differences among genomic regions in preserving a block-like structure depend on recombination rate. In our data set outbred and expanded populations, independent of their size, exhibited significant LD at Xq13 between only one single locus pair DXS1225 -DXS8082. The reason for the strong LD between these markers, located 162 kb apart and apparently within an LD desert, is still to be studied. In our data set LD-generating events across Xq13 included not only genetic drift in a small population or severe foundereffect, but also admixture with genetically different migrants. Volga-Ural populations, distributed at the geographic borderline of Europe and Asia, have apparently historically lived in close contact with their East Asian neighbors. Both, population structure and haplotype analysis supported the hypothesis that the increased level of LD in these populations is due to admixture of mostly European genepool with East Asians. This level of LD is similar to the extent observed for X-chromosomal loci in a Bantu-Semidic hybrid population of Lemba. 29 For Lemba, similar to Komi and Chuvash, the elevated background LD was observed also for unlinked markers on X-chromosome. The strongest LD across Xq13 region was detected for Udmurt and Mari. There the inner structuring of the population could additionally contribute to the creation of nonrandom allelic associations.
Implications for mapping using LD Two recent extensive scans for the landscape of LD and haplotype variation across human genome in distant population groups point out that there is a lot of heterogeneity in the LD map as well as haplotype frequencies among populations. 30, 31 There is also evidence that the intervals across which LD is detectable depend on marker properties. Varilo et al 13 showed that single informative microsatellites provide more power to detect long-range LD than did single SNPs or even 3 -5 SNP haplotypes, It has been shown that long-range microsatellite data can be used to predict short-range LD between SNPs and thus assist in initial association analysis. 32, 33 In addition, our study emphasizes the importance of calculating the baseline LD between unlinked markers for each data set used in the study. The true indication of the increase of LD in a particular genomic region is in comparison to the baseline LD. Data on X-chromosomal microsatellites show that the footprint of a demographic event persists longer in haplotype distribution within a region of low crossingover rate than in the information content of a single marker or between the actively recombining markers. The distribution of the haplotypes of strongly associated DXS1225 -DXS8082 markers varies between populations, memorizing the demographic events of a population. For example, when bottleneck is accompanied with low level admixture, the few migrant haplotypes might drift frequent in the descendant population as proved by the 212 -219 haplotype distribution in the Kuusamo and Saami (Table 4) . Also, inner structuring within populations can lead to additional haplotype frequency differences. There are more and more data, which highlight the importance of taking into account the particular population history and its impact on regional LD patterns. Laan and Pääbo 34 have compared the allelic associations around renin -binding protein RnBP, a component of the reninangiotensin system, in the Saami and Finns. The minor allele of an SNP within the gene, T61C, present both on the Saami (21%) as well as Finns (19%) as common mutation, was associated with different alleles and haplotypes of flanking microsatellites in two populations. The recently described association between SNPs of the CARD15 (NOD2) gene and Crohn's disease 35 did not find any support in the respective study with Korean patients. 36 The three disease-associated SNPs sharing a common haplotypic background were absent in the Korean sample and the LD pattern across CARD15 differed between the studied populations.
In conclusion, our study demonstrates that demographic events leave their prolonged imprint on LD patterns across recombination-poor genomic regions. Consequently, as the haplotype distribution within LDrich blocks might exhibit much more variability among populations than previously expected, the key for successful gene mapping studies is detailed understanding of the history, structure and variation of the study population.
